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Carbon nitride solids, which may represent a new class of superhard materials, have been the focus of considerable research effort. [1] [2] [3] Early theoretical studies suggested that a carbon nitride solid analogous to ␤-silicon nitride, ␤-C 3 N 4 , should be reasonably stable and possess a hardness comparable to or greater than diamond. 3 A number of groups have subsequently attempted to prepare ␤-C 3 N 4 using a variety of techniques, including laser ablation and reactive sputtering 2,4 -10 Although diffraction data consistent with the ␤-C 3 N 4 structure have been obtained in several recent studies, 4, 6, 9 the overall C/N composition has varied significantly from that proposed for this material. The clear differences in the experimentally observed and theoretically predicted stoichiometries and incomplete diffraction data suggest that ␤-C 3 N 4 may not be the most stable structure or stoichiometry for binary carbon nitride phases. Indeed, recent theoretical studies have demonstrated that two other hypothetical C 3 N 4 structures, which resemble defect zincblende and rhombohedral graphitelike structures, should have a stability similar to that of ␤-C 3 N 4 .
11
To address the current uncertainty in the stoichiometry of stable carbon nitride phases, we herein report systematic studies of nitrogen composition range, growth mechanism, and phases of these materials. Carbon nitride thin films were prepared using an approach recently developed in our laboratories that combines pulsed laser ablation of graphite and an atomic nitrogen beam source. 2, 4 Briefly, ablation of highpurity pyrolytic graphite was carried using either a frequency-doubled Nd:YAG laser ͑532 nm, 6 ns pulse width͒ or a KrF excimer laser ͑248 nm, 23 ns pulse width͒. The reactive nitrogen atom beam ͑Ͼ10
18 atoms/sr s͒ intersects the laser-generated carbon species at the substrate surface. 12 In this work, we use nitrogen beam conditions optimized for maximum nitrogen incorporation. 2, 4 The films were grown on HF-etched Si ͑100͒ surfaces at ϳ200°C.
To probe the composition range and growth mechanism, we have prepared carbon nitride thin films as a function of the laser fluence and wavelength. In general, we find that the nitrogen composition increases as the laser fluence decreases. For ablation at 532 nm, Rutherford backscattering spectroscopy ͑RBS͒ shows that a carbon nitride film grown by ablating graphite target with a relatively high fluence of 3.5 J/cm 2 has a nitrogen content of 28% ͓Fig. 1͑a͔͒, while a film obtained using a lower fluence of 0.86 J/cm 2 contains 47% nitrogen ͓Fig. 1͑b͔͒. However, as the laser fluence is decreased below about 0.8 J/cm 2 , the nitrogen composition in the films does not increase further.
13 Similar results have also been observed for carbon nitride films grown at 248 nm ͓Figs. 1͑c͒,͑d͔͒. For example, RBS analyses show that films grown using 11 and 3.6 J/cm 2 fluence contain 33% ͓Fig. 1͑c͔͒ and 47% nitrogen ͓Fig. 1͑d͔͒, respectively.
The inverse dependence of nitrogen composition on laser fluence indicates that the growth rate is critical in determining carbon nitride composition since the fluence affects primarily the total flux of carbon.
14 Notably, calculation of the growth rates for the samples shown in Fig. 1 shows that rates of 14.7, 1.2, 10.6 and 1.2 Å /s have produced the films containing 28%, 47%, 33%, and 47% nitrogen, respectively. To confirm the importance of the film growth rate, we have also prepared materials as a function of the laser pulse repetition rate while keeping other parameters constant. RBS data for two carbon nitride films grown at 248 nm ͑3.4 J/cm 2 ) using repetition rates of 9 and 27 Hz are shown in Fig. 2 . Significantly, the material grown at the lower repetition rate ͑growth rateϭ1.6 Å /s͒ has a larger nitrogen content than in the film produced at the higher repetition rate ͑growth rateϭ4.0 Å /s͒: 45 versus 36% nitrogen. In addition, RBS spectra obtained for these thick (Ͼ1.5 m͒ films show that the materials consist of almost purely carbon and nitrogen, and do not contain significant amounts of other elemental impurities. 15 Our studies of laser fluence and pulse repetition rate suggest that the growth rate determines the nitrogen composition in these materials. The relationship between growth rate and composition is shown explicitly in Fig. 3 . This plot, which contains data from numerous experiments carried out using 532 and 248 nm ablation, demonstrates that the nitrogen content increases and then saturates as the growth rate is reduced below 0.5 Å/s. Hence, for the range of fluences and repetition rates used in these studies it is clear that the nitrogen composition is determined solely by the average growth rate.
We believe that the correlation of the nitrogen composition with film growth rate suggests that a key step in the carbon nitride growth mechanism involves a reaction between carbon and nitrogen at the growth surface and not in the gas phase. If gas phase reactions controlled the nitrogen composition, then the nitrogen composition would not have changed with variations in the repetition rate since the gas phase reaction time is much shorter than the time between laser pulses. In addition, productive gas phase reactions between atomic N and C are unlikely without the presence of a third body. While further studies are obviously required, we believe that an understanding of the growth mechanism will be crucial to controlled preparation of crystalline carbon nitride in the future.
The plot in Fig. 3 also shows that the nitrogen composition in our pure carbon nitride materials saturates close to 50% and not the 57% level expected for C 3 N 4 .
16 This implies that the stoichiometry of one stable carbon nitride phase could be CN. However, a CN stoichiometry cannot be concluded without knowledge of the phase purity in these materials. To address this issue, infrared ͑IR͒ spectroscopy has been employed to probe the structure and bonding in the carbon nitride films. IR spectra typically exhibit bands at ϳ2200, 1500 and 1350 cm Ϫ1 ͑Fig. 4͒. The broad bands at ϳ1500 and 1350 cm Ϫ1 are believed to correspond to CϭN and C-N stretching modes, 17 and are consistent with an extended inorganic carbon nitride solid. The band at ϳ2200 cm Ϫ1 corresponds to a CϵN stretching mode. 18 This CϵN bonding arrangement is incompatible with an extended inorganic solid and represents an impurity phase. Significantly, we find that the amount of this CϵN impurity phase increases with the overall nitrogen composition ͑Fig. 4͒, and thus we suggest that the composition of the inorganic carbon nitride phase must be less than the saturation level of 50%.
In summary, systematic studies of the growth of carbon nitride thin films have been carried out. The nitrogen composition was found to increase to a limiting value of 50% as the fluence was decreased for laser ablation at both 532 nm and 248 nm. Analysis of these data shows that the overall growth rate determines the nitrogen composition, and suggests that a key step in the growth mechanism of carbon nitride involves a surface ͑versus gas-phase͒ reaction between carbon and nitrogen. Although the saturation nitrogen composition of 50% is suggestive of a CN stoichiometry, IR analyses have shown that a CϵN impurity phase increases in concentration as the overall nitrogen composition increases to 50%. These results thus suggest that the dominant inorganic phase in thin-film carbon nitride materials has Ͻ50% nitrogen.
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